The trapping of atoms and molecules [1] [2] [3] [4] inside fullerene cages provides a set of remarkable systems for exploring atomic interactions and molecular dynamics. 5 Recently, Murata and co-workers 4, 6 have achieved a very high-yield insertion of molecular hydrogen into the azo-thia-open-cage fullerene (H 2 @ATOCF), 4 shown in Figure 1 .
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In this article we describe 1 H NMR measurements on the endohedral H 2 molecules of H 2 @ATOCF in the solid state. We observe a small anisotropy of the H 2 rotation inside the fullerene cage and estimate the correlation time of the H 2 rotation. These studies complement the low-temperature NMR studies of H 2 molecules trapped in the interstices of solid C 60 . 7 Experimental 1 H spectra for H 2 @ATOCF obtained by magicangle spinning (MAS) solid-state NMR are shown in Figure 2 . Figure 2a shows the broad 1 H spectrum in the absence of sample rotation. At a slow MAS frequency, a set of narrow sidebands appears ( Figure 2b ). As the spinning frequency is increased ( Figure  2c-d) , the sidebands spread out and the centerband grows larger. The narrow centerband has a line width of 0.56 ppm and an isotropic chemical shift of -7.5 ppm with respect to TMS. This unusual shift assigns the narrow peak to the endohedral H 2 and is consistent with solution NMR on the same species. 4 The broad feature is attributed to the relatively immobile exohedral protons and to the proton impurities in the Teflon probe parts. The dipole-dipole couplings involving the endohedral protons are averaged to a large extent by the rapid motion of the H 2 molecule inside the cavity. The residual dipolar couplings are eliminated by the magic-angle rotation, leading to very narrow 1 H signals from the endohedral H 2 . Similar behavior is observed for other solids displaying high molecular mobility. [8] [9] [10] [11] If the rotational motion in the cavity is assumed to be uniaxial, the motionally averaged dipole-dipole between the H 2 nuclei coupling may be written as where S is the second-rank order parameter S ) 〈 (3 cos 2 θ -1)/2〉, and θ is the angle between the HH vector and a molecule-fixed rotational order axis. The angular brackets represent a time or ensemble average. S ) 0 corresponds to isotropic rotation, while S ) 1 corresponds to the static case. The dipoledipole coupling in the absence of motion is where r HH is the proton-proton bond length and γ Η is the proton † University of Southampton. ‡ Kyoto University. § Institute of Chemical Physics and Biophysics, Tallinn. | University of California, Los Angeles. b HH static ) -(µ 0 /4π)γ H gyromagnetic ratio. This can be evaluated as b HH static /2π ) -296 kHz for an internuclear distance of 74 pm. The motionally averaged dipolar coupling may be estimated from 1 H-1 H double-quantum (DQ) signal trajectories, as performed previously in 13 C NMR. 12, 13 The pulse sequence used for the 1 H case is shown in Figure 3 .
The R14 2 6 sequence involves a repetition of the four-pulse element (90 77.1 270 257.1 90 -77.1 270 -257.1 ), where the rf field amplitude provides a nutation frequency of seven times the MAS frequency. 12, 13 The rf pulses are defined as φ , where is the flip angle and φ is the phase, both specified in degrees. This sequence provides efficient DQ homonuclear recoupling, while chemical shifts are decoupled. An experimental DQ-filtered 1 H spectrum of H 2 @ATOCF at a spinning frequency of 10 kHz, using τ exc ) τ rec ) 200 µs is shown in Figure 2e . The narrow and broad signals both pass through the DQ filter with good efficiency (approximately 53% for the endohedral H 2 signal). The DQ coherences contributing to the sharp signal in Figure 2e involve the pairs of endohedral hydrogens (see Supporting Information).
DQ-filtered signal trajectories obtained at 160 K and 295 K by incrementing the τ exc interval with τ rec fixed at 200 µs are shown in Figure 4 , together with best fits from numerical simulations (see Supporting Information). The best fit simulations deviate at longer recoupling times, probably due to the influence of other protons and to a small asymmetry in the effective dipolar tensor. However, our data do not allow an accurate estimate of the asymmetry parameter. The estimated dipolar coupling varies approximately linearly with temperature, from |b HH eff /2π| ) 7.3 ( 0.25 kHz at 160 K to 6.1 ( 0.2 kHz at 295 K (the sign cannot be determined). These results show that the motional anisotropy of H 2 inside the cavity is very small, with order parameters varying from |S| ) 2.3 ( 0.3% at 160 K to |S| ) 2.0 ( 0.3% at 295 K. This suggests that the orifice only slightly perturbs the rotational motion of the endohedral H 2 .
Spin-lattice relaxation time constants (T 1 ) were obtained as a function of temperature and spinning frequency. At 295 K, the T 1 of the endohedral hydrogen peak was observed to be 1.56 ( 0.95 s at a spinning frequency of 7 kHz and 0.16 ( 0.01 s at a spinning frequency of 20 kHz, with a rapid variation of T 1 in the region of 12 kHz spinning frequency (see Supporting Information). We attribute the observed behavior to strong dipole-dipole contact between the endohedral hydrogens and the slowly relaxing exohedral protons at lower spinning speeds and to efficient decoupling of these two reservoirs at higher spinning frequencies. Similar behavior has been observed in other systems. 14, 15 The high spinning frequency data were used as a measure of the endohedral H 2 relaxation.
The T 1 of the endohedral H 2 peak at high spinning frequency had an approximately linear dependence upon temperature, varying from 24 ( 1 ms at 120 K to 160 ( 8 ms at 295 K. Abragam 16 has given expressions for the spin-lattice relaxation of hydrogen molecules, assuming that the relaxation is dominated by modulation of the homonuclear dipole-dipole coupling and spin-rotation interaction by rotational diffusion. Our data are consistent with a rotational correlation time for H 2 inside the cavity of τ c ) 2.3 ps at 295 K and τ c ) 15.3 ps at 119 K, with a linear dependence in between. A more thorough analysis will be presented elsewhere. 
